are caused by the paucity of the tumor cells (often <l%, taking into account all cells present in tissue affected by HD) or by the real absence of clonally rearranged Ag receptor genes. A further problem was that, in most Southern blot studies, a distinction between a DJ or a VDJ rearrangement could not be made because of the use of JH-prObeS. DJ rearrangements were observed not only in B-cell neoplasms, but also in T-cell lymphomas and nonlymphocytic leukemias and thus proved not to be lineage-specific.20-22 A further disadvantage of the Southern blot method is that it requires a relatively large amount of undegraded DNA extracted from fresh or frozen tissue.
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To overcome the limitations of the Southern blot method, the polymerase chain reaction (PCR) technique was adapted for the detection of clonal Ag receptor gene rearrangements. If appropriate primers are used, the PCR (1) is able to detect only a VDJ rearrangement that is lineage-specific; (2) is applicable on small amounts of DNA; (3) produces reliable results also on DNA obtained from routinely fixed paraffin sections; and (4) enables the amplification of the rearranged Ig genes to such an extent that it can be directly analyzed for the presence of somatic mutations in the V regions. The latter is of particular interest because rearrangements without mutated VH regions stem from pregerminal (naive) B cells, whereas rearrangements with mutated VH regions are derived from germinal center or postgerminal center (memory and effector) B ~e l l s . *~, *~ By optimizing the PCR technique for the demonstration of rearranged Ig heavy chain genes (IgH), we could increase the sensitivity by a factor of up to 100 when compared with that of the Southern blot procedure. Using this optimized PCR method, we investigated 67 cases of HD and for the purpose of comparison 35 B-cell non-Hodgkin's lymphomas (NHL) of various types and degrees of malignancy. The results described in this report show that none of the HD cases with T-cell Ag' HRS cells contained detectable VHDHJH rearrangements, whereas the majority of HD cases with a B-cell phenotype expresses clonal VDJ rearrangements of the IgH gene. Sequencing of the rearranged IgH genes showed that, in 6 of 10 rearrangements, the VH region gene contained considerable somatic mutations, indi-cating that the cells, most likely HRS cells, expressing the rearranged IgH genes are not uniform in different cases of the same histologic subtype, but are derived either from naive pregerminal center B cells or more commonly from germinal center cells/postgerminal center-derived memory B cells. 6 cases of carcinomas, and 8 cases of T-NHL were included in the present study. All tissue specimens used were lymph nodes, except for 6 carcinoma cases (3 colon cancers and 3 lung cancers).
MATERIALS AND METHODS

Putienfs
DNA exfruction. The DNA was extracted from 20-pm thick paraffin sections and snap-frozen samples, respectively, by using a DNA extractor (Applied Biosystems 341A; Weiterstadt, Germany) and using the reagents and protocols from the same supplier, and then dissolved in 50 to 100 pL distilled water. A tissue volume sufficient in size to obtain at least 5 to 10 pg DNA was used. Before the DNA was used as a template for PCR, the concentration was quantitated photometrically.
Designs of PCR. A highly sensitive, seminested PCR was performed in a GeneAmp PCR system 9600 (Perkin Elmer Cetus, Norwalk, CT) using the appropriate tubes and AmpliWax for efficient hot-start technique according to the same manufacturer's protocol. Primers were synthesized by Applied Biosystems 381A DNA synthesizer and purified by high-performance liquid chromatography. The first amplification was performed using upstream consensus primers (FR3A or FR2AZ6**') designed from homologous regions within VH framework I11 and II, respectively, and a lowstream primer (LJH) that bound to all published J H gene segments. For each initial amplification, 1 pg DNA template was applied. For the reamplification, the lowstream primer (LJH) was replaced by a nested consensus primer (VWH), and an amplified product (1%) of the first round was transferred as a template.26~z7 The PCR conditions comprised five initial, highly stringent cycles at 63°C for 30 seconds for primer annealing, whereas the remaining cycles (25 cycles for FR3A, 35 cycles for FR2A) were performed at 57°C. The conditions for DNA denaturation (96"C, 15 seconds) and primer extention (72"C, 30 seconds) were kept constant for all cycle steps. The stringent primer annealing conditions at 63°C for 30 seconds were kept constant for all cycles of reamplification (20 cycles for FR3A, 25 cycles for FR2A). The differences beside the total of cycles, the primer usage, and highly stringent annealing temperature between first-and reamplification were the concentration of MgC12 (2.0 mmoVL V 3.0 mmoVL MgClz for FR3A, 1.5 mmoVL v 2.0 mmoVL MgClZ for FR2A) and the amount of each primer (first amplification: 400 ng FR3A or FRZA, 100 ng LJH; reamplification: 200 ng FR3A or FR2A, 200 ng VLJH). Ten microliters of each amplified product was applied to polyacrylamide gel electrophoresis (PAGE, 8% for FR3A. 6% for FR2A). and visualized by staining with ethidium bromide (EtBr).
To evaluate the sensitivity of our PCR, serial dilutions of DNA from a B-cell line (Raji) in genomic human DNA from normal lymphoid tissue were performed.
DNA sequence Malysis. The DNA sequence analysis was performed using an automated DNA sequencer (Applied Biosystems 373A) by using the DyeDeoxy Terminator Method for usage solely with this system. For direct sequencing, the amplified products were separated by PAGE and appropriate bands were isolated using diethyl aminoethyl (DEAE) membranes (NA 45; Schleicher & Schuell, Dassel, Germany). The DNA was released from the membrane by incubation at 65°C in TE buffer (50 mmoVL Tris-HC1 pH 7.4, 1 mmoVL EDTA) containing 1 moVL NaCl. The isolated products were sequenced in both directions by using the reamplification primers, FR2A and VLJH, respectively. Only those cases with a complete homology between both sequences were chosen for comparison with published VH germline sequences (GenBank, release 79; German Cancer Research Center, Heidelberg, Germany).
RESULTS
Control experiments.
To determine the frequency of clonal IgH rearrangements in HD, a highly sensitive twostep nested primer PCR was applied on DNA extracted from paraffin sections of 21 cases of LPHD and 46 cases with features of classical HD. To exclude the possibility that the usage of DNA from paraffin sections had negative influence on the PCR results, DNA extracted from frozen sections and from paraffin sections derived from the same samples of various tissues containing normal or reactive lymphoid tissue, T-cell lymphomas, carcinoma, or various types of B-NHL were analyzed with our optimized PCR method. In addition, two different forward consensus primers specific for the framework region I11 (FR3A) or framework region I1 (FR2A) were compared regarding their efficiency in detecting IgH rearrangements in conjunction with the reserved primers specific for the J H region (LJH for the first amplification and VLJH for the reamplification). Clonal rearrangements could be shown by one or two predominant amplification products. All samples investigated, except for those of B-NHLs, resulted in a polyclonal pattern or smear (most commonly) over a distinct size range. The results of these control experiments summarized in Table 1 proved to be completely congruent and consistent as the detection of an IgH rearrangement was restricted to the same cases of B-NHL.
To clarify why our PCR method was not able to detect clonally rearranged IgH genes in all cases of FCL and B-LCL, we compared the sequence of the FR2A amplificates of the mentioned lymphomas with published sequences of germline VH region genes. The VH region genes of the B-CLL ( Table 2 ) and MCL (data not shown) did not show any mutations, whereas the VH region genes of the FCL (Table  2) and B-LCL (data not shown) were heavily mutated, suggesting that the IgH rearrangements in many FCL and B-LCL escaped detection because the primers lost their binding capacity due to mutations in the primer binding region.
The sensitivity of our optimized PCR method was assessed by serial dilutions of clonally rearranged DNA from Raji cell line cells in germline DNA from normal lymphoid For personal use only. on June 13, 2017. by guest www.bloodjournal.org From Abbreviations: NLN, normal lymph node; RLN, reactive lymph node; TCL, T-cell lymphoma; Ca. carcinoma; B-CLL, B-chronic lymphocytic leukemia; MCL. mantle cell lymphoma; FCL, follicle center lymphoma; B-LCL, diffuse B-type large cell lymphoma.
Number of clonally rearranged cases.
tissue. The detection limit was reached when the DNA mixture contained less than 0.05% Raji DNA. Detection qf rearranged IgH genes in HD. As Table 3 shows, an IgH rearrangement was demonstrable with our PCR method in 67% of LPHD and in 28% of classical HD. Average mutation frequency: The percentage in parentheses applies only to those cases in which a considerable number of mutations in the Vn region was observed.
HD.
Abbreviations: LPHD, lymphocyte predominant HD, CLHD, classical TAMARU ET AL For personal use only. on June 13, 2017. by guest www.bloodjournal.org From using the GenBank database (Table 4 ). This comparison disclosed, in contrast to the B-NHL, a heterogeneous pattern in both LPHD and classical HD: 3 of 4 LPHD cases and 3 of 6 classical HD cases contained mutations in a frequency similar to that observed in FCL (Tables 2 and 5 ), whereas the VH region genes of the other HD cases were only slightly, if at all, mutated. One of the latter cases contained an outframe deletion comprising 23 bases (case 6 in Table 5 ).
As shown in Table 6 , the usage of the VH segments was not random in HD and differed from the two other NHL entities in that in both LPHD and classical HD only segments of the vH3 family were used. It is striking that the vH3 segment V3-23 was involved three times in the four VH rearrangements of LPHD that were sequenced. .32 Therefore, we favor the view that the nondetection of clonal rearrangements in the majority of HD cases is a technical problem caused by the sparcity of the tumor cells. To test this hypothesis, we established a seminested primer PCR method, whereby we enhanced its sensitivity by optimizing its components and conditions for the detection of rearranged IgH genes. The increased sensitivity has been shown by serial dilutions of clonally rearranged DNA from Raji cells in germline DNA from normal lymphoid tissue which showed that our method is approximately up to 100 times more sensitive in detecting IgH rearrangements than Southern blotting and that it allows the detection of around 50 identically rearranged B cells in a mixture of 100,OOO nonrearranged or individually rearranged cells. These figures explain why the PCR method applied led to the demonstration of a clonal cell component in sections where less than 100 CD30+ HRS cells were recognizable. The sensitivity of our method was not brought to its highest level because under these conditions the rearrangement of single cells could be detected, resulting in smears instead of one or two crisp bands in the polyacrylamide gels. As primers, we used those specific for framework HI (FR3A) or framework I1 (FR2A) and the JH regions (LJH and VLJH, respectively). The usage of the FR2A primers led to an amplification of a representative part of the rearranged VH region gene, which was then available for sequence analysis.
The reliability and reproducibility of the optimized PCRbased IgH rearrangement detection method was checked by applying it to DNA from a large series of 25 nonmalignant lymphoid tissues (15 normal and 10 reactive), 6 carcinomas, 35 B-NHLs, and 8 T-NHLs. PAGES of the amplificates from normal lymphoid tissue, reactive lesions, carcinomas, and T-NHLs gave either no signal or, more commonly, a smear pattern. In contrast, the DNA from 7 B-CLL cases and 6 MCL cases produced in all instances a crisp band (not shown). In 12 FCL and 10 diffuse B-LCL, a monoclonal band was seen in 50% and 60% of the cases, respectively. The results were the same when DNA from frozen tissue or paraffin sections was used. Primers specific for the framework 111 (FR3A) or framework I1 (FR2A) in combination with the same J H specific primers (LJH and VLJH, respectively) provided identical results in all instances. Because the genes in the VH region and adjacent regions are constantly hypermutated in F C L S~~ (as also shown in this study) and B-LCLs (data not shown), but not in B-CLLS~~.~' (as also shown in this study) and MCLS,~' the lower amplification frequency of IgH rearrangements in FCLs and B-LCLs is highly likely caused by somatic mutations at sites complementary to the primers, whereby the primers loose their binding capacity, as assumed by Deane et al. 39 The described optimized PCR method showed a clear-cut VDJ rearrangement in 14 of 21 (67%) cases of LPHD and in 13 rect proof can only be provided through the analysis of single-cell DNA. Studies in this direction are in progress.
To exclude the possibility that the detected IgH rearrangements are the result of contamination, the amplified rearrangements were sequenced and compared with the published germline sequence of the VH region genes to determine which VH segment is used in the rearrangement and to assess the state of B-cell maturation to which the detected rearrangements correspond. The comparison of the amplificates obtained by PCR showed striking differences in their N region from case to case, which ruled out a possible contamination. The VH usage proved to be not random because and another vH3 region gene, DP49, were also used in the rearrangements of three of the six FCLs. In contrast, there was no overlap in the VH usage between B-CLL and HD ( Table 6 ).
The sequence analysis showed replacement and silent mutations in the hypervariable VH region in 6 of 10 amplified rearrangements, indicating that the cells that carried these rearrangements corresponded in their differentiation stage to germinal center/postgerminal center-derived memory B cells. In contrast, the remaining four cases displayed no or only very slight somatic mutations in their VH regions and would, therefore, appear to stem from pregerminal centerderived naive B cells. In addition. one case of HD showed because none of the other lymphoma cases investigated have Poppema et a143 hypothesized that nodular LPHD represents a polyclonal lymphoproliferation that originates in germinal centers. The above-described detection of clonal IgH rearrangements in the majority of LPHD cases disfavors polyclonality of the pathologic cells in LPHD. However, the presence of somatic mutations in the rearranged V, genes of both cases of nodular LPHD is compatible with a derivation of the nodular form of LPHD from germinal centers.
Taken together, our studies show for the first time an IgH rearrangement in the majority of LPHD cases. A second new finding of this study is the good correlation between a Bcell phenotype of HRS cells and the detectability of rearranged IgH genes in classical HD. This underscores the concept that classical HD is heterogeneous in that a B-cell type and other types exist. The third new finding is the presence of somatic V, region gene mutations in the majority and the absence of VH mutations in a minority of HD cases. This finding suggests that HRS cells of HD of B-cell type are not uniform in their differentiation even within the same histologic type of HD because they can be related either to germinaVpostgermina1 center (mutated) B cells or (less commonly) to naive pregerminal center (nonmutated) B cells.
After completing this study, we succeeded in establishing an optimized method with increased sensitivity by designing new primers and modifying the PCR procedure for the demonstration of rearranged TCRP genes. Preliminary results (manuscript in preparation) disclosed VDJ rearrangements of the TCRP gene in one of three classical HD cases with T-Ag' HRS cells, whereas no rearranged TCRP genes were detectable in six HD cases with HRS cells expressing B Ags. This shows a close correlation between a T-cell genotype and a T-cell phenotype of HRS cells, and further underlines the probability that the rearranged Ag-receptor genes are derived from the HRS cells and not from other cells and that classical HD is composed of B-cell types and T-cell types. For personal use only. on June 13, 2017 . by guest www.bloodjournal.org From
